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ABSTRACT 


A  theoretical  analysis  of  the  factors  influencing  stress  in 
warm  and  hot  environments  is  developed  using  physical  equations  of 
heat  and  moisture  transfer.  IV/o  different  situations  are  considered, 
the  first  where  all  sweat  is  evaporated  and  cooling  limited  by  sweat 
secretion,  and  the  seoond  with  the  skin  wet  where  cooling  is  limited 
by  the  amount  of  sweat  which  can  be  evaporated.  In  the  former  oase, 
stress  is  a  function  of  dry-bulb  temperature  alone  and  depends  on 
the  amount  of  sweat  secreted,  whioh  may  vary  considerably  among 
individuals.  In  the  latter  oase,  tolerance  is  shown  to  be  mainly 
dependent  on  wet-bul'o  temperature  and  depends  on  the  vapor  pressure 
of  wet  skin,  which  does  not  vary  muoh,  giving  rise  to  oritioal 
lependence  of  tolerance  on  wet-bulb  temperature.  Consideration  is 
also  given  to  the  practical  oase  of  complete  evaporation  from  some 
areas  of  the  skin  and  incomplete  evaporation  from  others,  Graphical 
presentation  is  used  to  demonstrate  the  separate  and  combined  effects 
of  various  environmental  factors  and  to  indie  its  how  clothing  alters 
these  effects.  The  theoretical  results  are  shown  to  agree  with  the 
experimental  findings  of  others. 
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hAM*3  TrldaiiAL  BALANCE  IN  «A»i  KJW  B.0Mi33T3 


1.  Introduction 

It  has  been  recognised  that  the  physiological  sense  01“  warmth  is  not 
always  closely  correlated  vj  ith  •  nvironr>  ntnl  ter  .ye  rat  it  c  .  Other  lectors, 
such  as  wind  ana  humidity,  have  an  ei’i'rr r. ,  'laldane^  '  J  in  1^05  recognised 
the  effect  of  humidity  and  suggested  that  v. ct-bulb  temperature  wts  a 
critical  factor.  He  also  observed  that  tolerance  to  high  wet-bulb  temper¬ 
ature  rose  with  increasing  air  movement.  Since  that  time,  observations 
have  been  made  in  deep  nines(3,13)  and  physiologists  have  worlcod  in  rooms 
where  controlled  conditions  were  possible(5,ll,15),  Houghton  and  Yaglou 
in  a  series  of  papers  introduced  the  concent  of  'affective  temperature 
by  whioh  the  subjective  comfort  of  individuals  was  used  to  rate  the 
environment,  Effective  temperature"  is  still  widely  used  although 
YaglouU53)  himself  has  questioned  its  accuracy.  The  exper imeritr,  of 
Robinson  et  al^11)  have  indioated  environments  of  "equal  physiological 
effect,"  “Here  recently,  McArdle  et  al(9)  have  produced  a  nomogram  relating 
sweat  rate,  which  they  consider  as  an  index  of  heat  stress,  to  temperature, 
humidity,  air  movement,  radiation,  and  metabolism  for  both  nude  and  domed 
man. 


while  all  theso  experiments  yiela  data  which  are  descriptive  of  the 
ways  in  which  various  environmental  factors  affect  man,  they  frequently  do 
not  explain  the  reasons  for  these  results,  iuch  information  can  be  obtained 
by  setting  up  the  equations  of  heat  transfer  between  a  heated,  moistened 
surface  representing  the  sicin,  and  various  environments.  This  approach  is 
followed  here  to  show  the  separate  and  combined  effects  of  environmental 
variables  on  factors  associated  with  heat  stress.  Throughout  the  paper  it 
is  pointed  out  how  the  theoretical  relationships  compare  with  observed 
phenomena. 


2.  Basic  Squat  ions 


The  basic  equations ( 18 )  which  apply  to  a  simple  idealised  physical  model 
of  the  human  being  in  equilibrium  are  ns  follows: 
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where 

H  »  net  heat  loss  from  the  skin  surface  to  the  environment  (kg-cal/m^/hr) 

H0  •  evaporative  heat  loss  from  the  skin  surface  (kg-cal/mV**1*) 

H  “  convective  and  conductive  heat  loss  from  the  skin  surfaoe(kg-cal/m2/hr) 

61 

Hr  ■  net  radiant  energy  loss  from  the  skin  surface  (kg-cal/m^/ta ) 

T  3  the  skin  temperature  (°C) 

Pg  ■  the  skin  vapor  pressure  (mm.  Hg) 

TR  "  the  ambient  air  temperature  (*C) 

Pa  ■  the  ambient  vapor  pressure  (mm.  Hg) 

Tr  ■  mean  radiant  temperature  of  the  surroundings  (*C) 

k  ■  thermal  conductance  between  skin  surfaoe  and  ambient  air  (kg-oal/mV^/^) 

S  *  the  negative  reciprocal  of  the  slope  of  the  wet-bulb  lines  on  a  payohro- 
metrio  ohart  (°C/mn) 

o  ■  the  inverse  ratio  of  the  moisture  permeability  of  the  olothing  to  that 
of  an  air  film  of  equal  oonduotance  (dimensionless) 

R  ■  a  ooeffioient  of  radiant  energy  exchange  (kg-cal/m^/hr/*C ) 

In  addition  to  these  symbols,  others  used  in  this  paper  are: 

Ee'  ■  evaporative  heat  loss  from  the  skin  surfaoe  when  ail  sveat  is 
evaporated  (kg-cal/m^/ta* ) 

RHS  3  relative  humidity  at  the  skin  surface  (%),  i.e.,  vapor  pressure  of 
&  the  skin  divided  by  saturated  vapor  pressure  of  pure  water  at  the 
same  temperature,  multiplied  by  100  (c  f.70agge(^ ) ,). 

?s'  3  maximal  vapor  pressure  at  the  skin  surface  (mm.  Eg),  in  this  paper 
assumed  to  bo  at  90$  RHs 

Tw  3  wet-bulb  temperature  of  the  ambient  air  (  C) 

Pw  =  saturated  vapor  pressure  of  water  at  Tw  (mm,  Hg) 

Equation  (la)  states  that  the  heat  loss  from  the  skin  is  ecual  to  the  sura  of 
the  evaporative,  convoctive,  and  radiative  heat  losses  (nogative  values  are 
used  to  denote  heat  gains).  Equation  (1)  is  derived  by  substituting  in  Equation 
(la)  the  values  of  He,  Ha,  and  Hr  as  givon  in  Equations  (2),  (3),  and  (4). 

If  one  assumes  equilibrium  conditions  so  that  the  body  is  not  storing  heat, 
then  H  is  equal  to  the  metabolic  heat  minus  energy  dissipated  such  as  that  from 
the  lun^s  and  that  converted  into  mechanical  work.  These  last  two  factors  can 
bo  estimated  if  required. 
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Equation  (3)  is  a  simple  statement  that  convective  heat  transfer  is 
proportional  to  temperature  difference  (Ts  -  Ta)  with  k  the  constant  of 
proportionality. 

Equation  (4)  is  a  first  approximation  of  Stefas’ s  law,  and  is  reasonably 
correct  for  small  differences  between  Ta  and  Tr'^.  Assuming  that  the  skin 
aots  as  a  black  body  with  70$  of  its  surfaoe  area  involved  in  radiation  ex¬ 
changed,  the  value  of  R  is  4.00  kg-oal/m2/ta^°c  when  both  temperatures 
are  very  dose  to  35*0  and  4.346  when  one  is  35  C  and  the  other  50  C.  This 
is  a  difference  of  less  than  10  peroent  for  a  15°C  range. 

Evaporative  heat  transfer  as  given  iu  Equation  (2)  is  seen  to  be  propor¬ 
tional  to  vapor  pressure  difference  between  skin  and  ambient  air,  the  pro¬ 
portionality  factor  being  k-i.  To  derive  the  quantity  k  let  it  be  re¬ 
presented  by  %  and  apply  Equation  (la)  to  a  wet-bulb  thermometer.  H  then 
will  represent  conduction  along  the  stem  of  the  thermometer,  and  Hr  will 
represent  radiant  energy  exchange  between  the  bulb  and  its  surroundings. 

If  the  wet  bulb  is  in  a  rapidly  moving  stream,  of  air,  both  H-  and  H0  become 
large  and  H  and  Hr  negligible  by  comparison.  Then  Equation  (la)  beoomes 

0  “  *(P.  -  Pa)  ♦  k  (Ts  “  Ta) 

or  _  Ta  -  Tb 

if  _  t> 


In  these  circumstances,  Tg  and  Pg  have  the  particular  values  T*  and  Pw  and 
T  T 

A-  ft  -  w_ 

k  Pw  ’  pa 

By  definition,  ~  Tw  equals  S.  This  quantity  S  is  almost  constant  since 
pw  ’  pa 

the  wet-bulb  lines  on  a  psyohrometric  ohart  are  almost  straight  and  parallel. 
Tables  are  available  from  which  its  value  may  be  calculated^  but  for  normal 

conditions  its  value  can  be  considered  as  2,00  C  per  mm.  Hg, 

For  an  uncovered  surface,  Hg  *  kS  (Pg  -  Pft).  The  wick  on  the  wet  bulb 
thermometer  is  not  considered  ns  a  covering  since  it  is  at  the  same  temper¬ 
ature  as  the  tnermometer  and  water  extends  to  its  outer  surface.  If  a  dry 
covering  is  placed  over  the  wieje,  it  will,  in  general,  reduce  the  moisture 
permeability  more  than  would  an  air  layer  of  equivalent  conductance.  The 
factor  c  is  introduced  to  account  for  this  when  considering  covered  surfaces. 
For  air,  the  value  of  c  is  1  but  for  clothing  c  (which  is  a  resistance 
factor  )*is  generally  greater  than  unity  and  increases  as  the  permeability 
of  tr.e  clothing  to  moisture  is  reduced, 

3.  Situations  (wet/dry  skin)  limiting  cooling  pa'ier  of  sweat. 

Before  proceeding  farther  it  would  bo  well  to  examine  Equation  (2) 
and  the  parameters  involved  in  more  detail.  If  the  nan  is  evaporating  all 
the  sweat  he  is  ;ecreting,  then  He  will  have  the  particular  value  which 
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equals  the  latent  heat  of  evaporation  times  the  amount  of  sweat  secreted* 

He'  oan,  therefore,  be  considered  the  potential  cooling  pwer  of  sweat. 

When  sweat  is  secreted  at  a  oonstant  rate  and  all  evaporated,  (P8  ^g) 

will  be  oonstant  for  any  given  value  of  ks/o.  It  follows  that  as  ambient 
humidity,  Pa,  increases,  the  vapor  pressure  of  the  skin,  Pg,  also  inoreases. 
When  Pg  roaches  its  maximum  value,  (P*  “Pa)  °an  n0  longer  remain  constant 
with  increasing  Pa#  and  He  must  beoooe  less  than  H«  *  When  this  occurs 
the  ekin  is  wet  rather  than  d*7,  and  unevaporated  sweat  aooumulates  on  its 
surface*  Henoe  oooling  by  the  evaporation  of  sweat  is  limited  by  one  of 
two  alternative  situations.  The  first  is  when  cooling  is  limited  by  the 
supply  of  sweat  but  potentiality  for  evaporation  is  ample.  The  seoond  is 
when  sweat  eeoretion  is  in  exoess  of  that  which  the  environment  can  remove. 
These  two  situations  will  be  referred  to  as  dry-skin  and  wet-skin  con¬ 
ditions,  respectively.  When  dry-skin  conditions  occur.  Equation  (l)  becomes 

H  ■  H*'  ♦  k(T8  -  Ta)  ♦  R  (Ta  -  Tr)  (6) 

and  when  the  skin  is  wet  it  beoomes 

H*k[f  (p.'  •  V  *  <T.  *  v]  * R  (T.  -v  (7) 

a.  Environmental  and  clothing_factors_u^er_dr^— sjdn^oonditions. 

Under  dry-skin  conditions.  Equation  (6),  the  heat  removed  from  the 
skin  is  independent  of  ambient  humidity  and  the  permeability  of  olothing  to 
moisture.  If  it  is  assumed  that  the  mean  radiant  temperature,  Tr,  is  equal 
bo  ambient  air  temperature,  Ta,  then  the  only  environmental  faotors  which 
affect  H  we  the  environmental  temperature  and  the  wind  speed,  which  affects  k, 

k  is  also  affected  by  the  insulation  of  the  clothing.  He  is  a  physiological 
factor  which  depends  on  sweat  rate.  Because  sweat  rates  are  variable,  the 
amount  of  heat  dissipated  by  different  people  varies  in  any  one  environment. 

In  consequence,  physiologists  have  not  yet  been  able  to  establish  the  upper 
limit  of  tolerable  dry-bulb  temperature  in  very  dry  environments  in  which 
equilibrium  can  be  maintained0 


b.  Environmental  and  olothing  faotors  under  wet-skin  conditions. 


In  Equation  (V)  the  quantity  H  is  independent  of  sweat  rate.  The 
heat  dissipated  by  botn  evaporation  and  convection  is  direotly  proportional 
to  k.  That  is,  R  can  be  increased  by  increasing  k,  which  can  be  achieved 
either  by  increasing  w ind  speed  or  decreasing  clothing  insulation.  If  o  is 
equal  to  1,  i.e.,  nude  nan,  then  because  Ta  ■  Tw  ♦  S  (Pw  -  Pg)#  Equation 
(7)  oan  be  put  in  the  form: 


H  *  k  fs  (P8’ 


(8) 


If  the  radiation  factor  R  (Ts  -  Tr)  is  small  and  considered  negli- 
l ible,  then  the  wet-bulb  temperature  is  the  only  environmental  factor  aiiect- 
in*  heat  dissipation  with  wtb-skin  conditions  with  the  exception  of  kt  which 
increases  with  air  movement.  Hence,  as  Haldane  observed tolerance  to 
hot-wet  conditions  is  a  function  of  wet-bulb  temperature,  and  higher  wet- 
bulb  temperatures  can  be  tolerated  if  air  movement  is  increased.  Hcwaver, 
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there  1.  a  theoretloal  upper  limit  at  infinite  »lr  movement  when  the 
raluaa  of  P.’  and  I.  oorraapond  to  tha  wet-bulb  tamperatura. 

^  «l«m%alu.  of  HH.  doe.  not  vary  greatly 

another  and  alnoa  nan  oannot  tolerate  a  rlae  In  akin  temp  t 

^  normal  average  (3S*C)  of  more  than  a  few  degree.,  one  would  expect  a 
fatrlywell-deflued  tolerable  upper  llnlt  to  w.t-bulb  temperature,  at  a 
given  wind  speed  aud  metabolism. 

It  ha.  been  reported  that  one  of  the  r.eult.  of  heat 
1.  reduotlon  In  .alt  oono.ntratlon  of  ..oreted  «we»tlM).  Calculation, 
baae  shown  that  this  ohanged  oono.ntratlon  doe.  not  appreciably  affeot 
«5Tr  pr«.ur.  of  the  ew.at.  Howler,  when  condition.  "*  *^V. 
I^arge  proportion  of  the  ..oreted  meat  1.  evaporated,  that  which  re¬ 
main,  my  beoome  quit,  concentrated  mam- 

Thao,  8Uoh  conditions  more  dilute  sweat  will  assisx  in  maiu 

Lining  a  high  P.«  by  delaying  the  accumulation  of  salts.  Mopping  he 
brow  serves  the  same  purpose  by  removing  oonoentrated  sweat. 

4.  renresentation  of  relationship  be^een  environment^ 

Taotors  and  heat  dissipation  from  sidn. 

There  is  a  graphical  method  of  interpreting  the  relationship  ex¬ 
pressed  in  the  equations  for  an  unclothed  surface,  as  illustrat 
Figure  1. 
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FIGURE  1:  Graphioal  method  for  analyiing  evaporative 
and  oonvecti7e  heat  exohango. 
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Figure  1  is  a  standard  psychrometric  chart  with  vapor  pressure  and 
temperature  as  ordinate  and  abscissa,  respectively.  Linos  of  equal 
relative  humidities  are  plotted  and  marked  in  percent.  The  point  C 
represents  a  skin  condition  at  90  -  relative  humidity  and  35~C.  The 
point  K  represents  an  ambient  condition  where  air  tenperaturo  is  above 
sldSlemperature.  The  line  AE  represents  the  wet-bulb  lino  through  Ej 
its  intersection  with  tUTlW  humidity  line  at  X  gives  the  wet-bulb 
temperature  of  the  point  E.  The  line  BC  is  equal  to  Ps  -  Pa  and  by 

Equation  (2),  BC  -  ~^e  ~~  The  line  BE  is  equal  to  -(T8-Ta)  and  by 

kS~ 

Equation  (5)  3E  -  -  -y~  •  But  TT  *  S>  and  th8refors  DA  *  *  TS" 
or  AB  *  Thus  it  follows  that  AC,  whioh  is  represented  by  BC  -  EA, 

•quail  -gpt  Jj-  •  Fron  Equation  (1)  -§-  *  ^  «  *  * 

,  That  is  AC  represents  the  heat  dissipated  from  the  skin  less 
kS 

that  dissipated  by  radiation.  BC  represents  the  heat  dissipated  by 
evaporation  and  AB  the  heat  dissipated  by  oonvoction.  It  will  bo  seen 
that  in  this  example  AB  is  negative,  representing  a  heat  gain by  oon 
vection.  It  should  further  be  realised  that  if  mean  radiant  temper- 
iture  is  equal  to  air  temperature  in  this  example,  the  heat  dissipated 
by  radiation  will  be  negative  or  radiant  energy  will  be  reoeived  on  the 
skin.  Figure  1  also  illustrates  the  relationships  where  air  temperature 
(E«)  is  below  skin  temperature  and  here  it  will  be  seen  that  A'B*  is 
positive  apd  convection  cools  the  skin. 

It  should  be  noted  that  these  lines  (AB  BC,AC)  represent  heats 
divided  by  kS  so  that  when  wind  speed  (and  k)  is  increased  they  repre¬ 
sent  increased  heats. 

5.  Graphical  rapresontation  of  skin  temperature  n:u  s^-in  relative 
huinjdity_as  functions  of  ambient  temperature  and  vapor  pressure. 

In  order  to  ^ive  a  more  complete  picture  of  the  application  of 
the  heat  exchange  equations  it.  is  necessary  to  introduce  what  might  be 
called  an  empirical  physiological  relationship.  This  is  an  a^^raril/ 
assumed  relationship  between  nan's  skin  temperature  and  his  sweat  secre¬ 
tion.  The  authors  do  not  imply  that  for  an  actual  man  sweat  13 

a  function  of  skin  temperature,  although  this  has  been  assumed  for  the 
purposes  of  discussing  the  idealised  man.  The  assumed  relationship  i or  a 
metabolism  of  130  kg-cal/m^hr  is  plotted  in  Figure  2  togetner  with  in¬ 
sensible  sweat  data  for  resting  men  from  fierce  laboratory l  )  and  the 
data  of  KobinsonU1)  from  which  the  curve  was  derived,  i'lgurc  2  illus¬ 
trates  well  the  variability  or  sweat  rate  at  any  one  skin  temperature 
and,  therefore,  why  tolerance  to  heat  under  dry -skin  conditions  can  be 

so  extremely  variable. 
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FIGURE  2:  Relationship  between  slcln  temperature  and  weat  seoretion 
expressed  as  oooling  power. 

By  varying  the  values  of  some  of  the  parameters  in  Equation  U)  it 
is  possible  tosee  how  the  values  of  others  are  affeoted.  In  Figure  3, 
lines  of  oonstant  skin  temperature  (solid  lines)  and  skin  relative  hu¬ 
midity  (broken  lines)  are  plotted  as  funotions  of  ambient  temperature 
and  vapor  pressure.  (Note*  In  this  figure  and  all  subsequent  figures, 

H  is  assumed  to  be  130  kg-oal/m2/hr  to  correspond  with  the  relationship 
of  Figure  2,  maximum  skin  relative  humidity  to  be  90  peroent  and  Tr  to 
be  equal  to  TR.) 

It  will  be  seen  that  at  low  r  ambient  temperatures  where  there  is 
little  sweat  secreted  (He  is  small),  1  degree  rise  in  ambient  temperature 
is  required  to  produce  about  1  degree  rise  in  skin  temperature.  Heat 
dissipation  from  the  skin  is  mainly  by  oonvection  and  radiation  'Equa¬ 
tions  3  and  4)  and  therefore  (T§-Ta)  is  almost  oonstant, 

a.  Dry  skin  oondltlon. 

At  low  vapor  pressures,  with  dry- skin  conditions,  as  air 
temperature  rises  seoreted  sweat  regulates  skin  temperature  and  it  re¬ 
quires  about  a  7- degree  (C )  rise  in  ambient  temperature  to  cause  a 
1-degree  (C )  rise  in  3kin  temperature.  The  spacing  of  equal  skin 
temperature  lines  will,  of  course,  depend  ou  the  slope  of  the  sweat 
secreticn-skin  temperature  relationship  which  has  been  selected. 
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Figure  St  Skin  temporatures  end  skin  relatlTS  humidities  plotted 
as  a  funotlon  of  enri/onmental  temperature  awl  humidity • 

It  will  also  depend  on  the  taIus  of  k  ssleoted)  the  greeter  the  taIus  of 
k  the  o^oser  the  speoing  of  the  skin  temperature  lines*  In  this  region 
of  oomplete  sTeporation,  skin  temperature  is  dependent  on  air  tmperature 
but  not  on  humidity,  as  indicated  by  the  faot  that  the  lines  are  rertioal 
lines.  It  will  also  be  seen  that  a  ohange  of  2#  in  skin  re Ut ire  humidity 
is  oaused  by  a  fixed  ohange  in  air  Tapor  pressure  regardless  of  whether 
HH.  is  high  or  low.  The  physiological  signifioanoe  of  skin  humidity  is 
not  apparent  but  nmy  possibly  be  related  to  oomfort  in  the  psychological 
sense  rather  than  heat  stress  in  the  physiological  sense. 
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b.  Wet-skin  conditions 


When  skin  humidity  reaches  its  maximum  (9C%),  increase  in  ambient 
humidity  can  no  longer  result  in  an  inorease  in  skin  humidity,  and  a  lower 
ambient  temperature  is  required  to  maintain  skin  temperature  constant. 

That  is,  with  Pg  oonstant,  (Pg-Pa)  and  Hg  deorease  so  that  to  maintain  H 
constant  Ha  and  Hr  must  be  increased  by  decreasing  Ta.  Although  Ee  decreases, 
the  amount  of  sweat  secreted  and  He*  remain  oonstant,  and  some  sweat  is  un- 
evaporated. 

In  this  tone  of  wet  skin  conditions,  lines  of  equal  skin  temperature 
are  roughly  parallel  to  the  wet-bulb  temperature  lines  of  the  ambient  air  and 
indicate  that  wet-bulb  temperature  is  a  good  criterion  of  heat  stress,  as 
originally  proposed  by  Haldane^7 Moreover,  a  1-degree  (C)  rise  in  ambient 
wet-bulb  temperature  produces  about  a  1-degree  (C )  rise  in  skin  temperature, 

6,  Graphical  representation  of  equations  holding  skin  temperature  constant 

and  varying  ot’ner  factors. 

In  Figure  3,  skin  temperature  was  plotted  as  a  function  of  air  temperature 
and  vapor  pressure  using  a  number  of  values  of  skin  temperature  and  holding  other 
parameters  oonstant.  In  the  graphs  which  follow  (figures  4  thru7)  only  one 
value  of  skin  temperature,  namely  35#C,  will  be  used  and  other  parameters 
will  be  varied. 

a.  Effect  of  air  movement. 

In  Figure  4,  k  is  given  3  values  of  5,  10,  and  20  kg-oal/m^ir/*C , 
caused  by  wind  speeds  of  about  l/2,  2  and  8  miles  per  hour,  respectively,  on 
a  nude  can(^®).  Under  wet  skin  conditions  an  increase  of  k  or  air  movement 
allows  the  same  skin  temperature  to  be  maintained  in  a  hotter  environment. 

Under  dry- skin  conditions,  whore  air  temperature  is  above  skin  temperature, 
increased  k  or  air  movement  must  be  compensated  by  a  decrease  in  air  and 
mean  radiant  temperature  sinoe  He'  is  oonstant. 

b.  Effoct  of  the  clothing  parameters. 

Decrease  of  oonvective  heating  in  very  hot  environments  can  be 
accomplished  by  addition  of  clothing,  a3  is  done  by  many  desert  tribes. 

Clothing  has  separate  effects  on  the  parameters  k,  R,  and  o  in  equation  (1). 

In  Figure  5  these  effects  are  applied  one  at  a  time  to  demonstrate  the  change 
in  ambient  requirements,  ^urve  1  represents  the  ambient  conditions  when 
k  -  10,  R  -  4,  and  o  *  1  (i.e..  Dude  man).  When  clothing  is  added,  one 
effect  is  to  reduce  conductivity.  If  k  is  reduced  to  5  with  the  other 
parameters  unchanged,  then  curve  2  represents  the  ambient  condition  under 
which  a  skin  temperature  of  35*C  can  be  maintained.  Another  effect  of 
clothing  is  to  act  as  a  radiation  shield.  If  R  is  reduoed  by  50%  to  2.00 
there  is  a  further  change  to  curve  3.  The  third  effect  of  olothing  is  to 
deorease  the  permeability  to  moisture  vapor  or  evaporative  heat  transfer. 
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When  anbient  temperature  is  be  la*  okir  tenper^urc^^toere^^  ^  &  decrease 

losses  allows  an  increase  in  evapora^iro^^  ceruierature  is  above  skin 
temperature^'^ecreas.d 'railiant^heat  5ains  all*  MSh.r  humidities. 

The  decrease  in  permeability  \ hT" 

wet- slain  condition,  where  evaporative; *»«  «  ^  “his  evaoo-atlve  power 
anv  reduction  in  moisture  permeability  will  reduce  tnis  ev  . 

and  require  lower  anbient  temperatures  or  numidities. 

This  analysis  indicates 

inS:  first,  that  it  be  as  permeacl.  to  noistoe  a.^possi  ^ 

^butTpoof  relation  screen  when  ^utnilocw  “”1. 

In"  S  decrease  cloth  ins  and  when  dry-skin  condition, 
oocur,  to  increase  clothing* 


c. 


Effcot  of  solar  radiation* 


in  the  equations  si'™"  »Ha*ance  was  »de  for  w# 

radiation.  However,  sunlight  comes  from  a  “rD  for^olar 

I'jzti’ Srirs  s 

intensity  S  l^“ion  was 

i iSt--  *  •«-«*-  s" 

beine  um  the 

greater  the  value  of  1c* 

7.  Cgarlson  of  theoretical  with  exper imentajjata . 

The  theoretical  results  %  ££££1  = 

obtained  by  other  workers  a,  shown  in  .  ict  .  ^  ^  ^  „ork  of 

are  a  curve  of ,J?J» the  nonwrap!.  of  IWArdle  at  al<9'  for 

aErecrctly  «  of  --ri- 

oental  curves,  but  does  not  «  f  cm  the  by  nnj  theoretical 

mental  curves  differ  amonC  themselve  I»5»»~  >  However,  it 

curve  aproei  test  with  the  curve  taaen  iron  Metre!.., .  - 

IZ 


•  ! 


.  .  .  of  other  curves  have*  The  sharp  corner 

lias  a  sharp  corner  which  none  of  the  o  Jier  that  the  value  of  k 

showing  the  *ff«t  of  a  variable  k  on  the  f^tc^VrA  5v‘r  o«  half, 

^vSSr't-sSHsrS. 

x  f  r„ , 

k  -  19S5  kK-oal/m2Ar/*C  and  a  wet-skin  condition  on  the  area  where  k 

n//rh,arw»t^*lf'1aV6roater^m^^r'iofiTaluor'of9ktwwoWe^ 

:;r:i^r^ 

^  .rs^;'s«:5.r»r.  <i.>. 

rat.  (V).  radiation  (R) 

r:  ZTlyVnitl  those  found  experimentally. 

Figure  7  also  indicates  the  fallacy  of  assuming  a  uniform  value  for  a 
variable  quantity  at  its  average, 

metabolism  (H  *  130  kg-oai/m  /  j  Curves  oan  be  plotted  for 

3£\.t ToC  Z  their  relative  Pjait^lU  depend  on 

the  skin  temperature-sweat  rate  relationship  which  n  chosen. 

8,  Senary  and  Conclusions. 

,r=  izss  “Pnr  »S1 

"wrsss  srsssfsx^  s*v=* 

™r"bW  In  th.  t«t 

s“  “tj'mv  «•  •»“•• 

of  the  human  being. 

Similarly  it  can  be  shown  by  a  simple  application  of  Equation  (8)  that 
SlCl ‘  1  J  ,  „  fhfl  lun„s  is  a  function  of  the  wet-bulo  tempera - 

the  energy  exchange  in  ^  ,  Tavlor^'.  The  theory  also 

ture  of  the  air  as  found  by  hcCutchan  and  Taylor  j 
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establishes  that  there  are  three  ways  in  which  clothing  modifies  the  heat 
exchange  with  the  environment.  The  critical  criteria  in  hot  weather  cloth¬ 
ing  design  are  to  have  the  ooeffioient  C  as  close  to  unity  as  possible,  to 
have  the  coefficient  R  large  when  mean  ambient  temperature  is  below  skin 
temperature  but  small  when  it  is  above  skin  temperature,  and  to  adjust 
insulation  or  the  value  of  k  as  required  by  the  environment  and  activity. 
The  theory  could  also  be  used  to  determine  the  physiologioal  effeot  of 
different  methods  of  heating  homes  and  buildings,  e.g.,  low  vs.  high  wall 
temperature  combined  with  appropriate  air  temperatures.  It  is  not  advis¬ 
able  to  use  the  physical  theory  to  predict  human  physiologioal  reactions 
where  direct  physiological  experiments  can  be  substituted.  However,  it 
can  be  used  to  make  qualitative  estimates  where  physiologioal  data  are 
not  yet  available, 
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